A core component in the cellular response to radiation occurs at the level of translational control of gene expression. Because a critical element in translation control is the availability of the initiation factor eIF4E, which selectively enhances the cap-dependent translation of mRNAs, we investigated a regulatory role for eIF4E in cellular radiosensitivity. eIF4E silencing enhanced the radiosensitivity of tumor cell lines but not normal cells. Similarly, pharmacologic inhibition of eIF4E with ribavirin also enhanced tumor cell radiosensitivity. eIF4E attenuation did not affect cell-cycle phase distribution or radiation-induced apoptosis, but it delayed the dispersion of radiation-induced gH2AX foci and increased the frequency of radiation-induced mitotic catastrophe. Radiation did not affect 4E-BP1 phosphorylation or cap-complex formation but it increased eIF4E binding to more than 1,000 unique transcripts including many implicated in DNA replication, recombination, and repair. Taken together, our findings suggest that eIF4E represents a logical therapeutic target to increase tumor cell radiosensitivity. Cancer Res; 72(9); 2362-72. Ó2012 AACR.
Introduction
Current approaches aimed at improving the efficacy of radiation as a cancer treatment modality involves the development and application of molecularly targeted radiosensitizers, a strategy that requires a thorough understanding of the fundamental processes comprising the cellular radioresponse. Along these lines, the posttranslational modification of existing proteins, which is critical to cell survival after irradiation, has provided a rich source of potential targets for radiosensitization. More recently, radiation has also been shown to selectively regulate gene translation, a process that operates independently from transcription (1, 2) . In contrast to the radiation-induced transcriptome, characteristics of the radiation-induced translational control of gene expression include a significant number of commonly affected genes among cell lines initiated from the same tissue and a correlation between the genes whose translational activity is affected by radiation and the expression of their corresponding protein. Whereas translational control seems to be a component of cellular radioresponse, whether molecules participating in this process serve as determinants of radiosensitivity has not been determined.
In eukaryotic cells, the majority of translation occurs in a cap-dependent manner, which involves eIF4E binding to the 7-methyl guanosine (m 7 G) cap on the 5 0 end of an mRNA resulting in the recruitment of eIF4G and eIF4A to form the eIF4F initiation complex and subsequently ribosome binding (3) . This process is a final and rate-limiting step in translation initiation and is highly dependent on the availability of eIF4E. Elevated levels of eIF4E preferentially enhance the translation of mRNAs with long, highly structured 5 0 untranslated regions, which tend to encode proteins related to cell proliferation and survival such as c-myc, Bcl2, fibroblast growth factor (FGF)-2, and survivin (4, 5) . Moreover, eIF4E also promotes the nucleocytoplasmic shuttling of selected mRNAs such as cyclin D and ornithine decarboxylase with their increased cytoplasmic levels leading to increased translation (4, 5) . Thus, via at least 2 mechanisms, eIF4E plays a critical role in regulating the gene translation.
At the cellular level, elevated eIF4E has been implicated in oncogenesis (6) . Overexpression of eIF4E has been shown to drive the malignant transformation of primary human mammary epithelial cells (HMEC; ref. 7) and immortalized rodent cells (8) with ectopic expression of eIF4E in animal models increasing the incidence of a variety of tumor types (9) . Evaluation of biopsy and surgical specimens indicates that eIF4E expression is frequently elevated in a number of human cancers including breast, prostate, head and neck, and lung (4, 10) . Increased eIF4E levels have also been associated with malignant progression (11) as well as poor therapeutic outcome (12, 13) . Finally, in preclinical models, inhibition of eIF4E activity results in cytotoxicity for tumor but not normal cells (12, 14) . Given eIF4E's function in the translational control of gene expression and data suggesting that it contributes to the neoplastic phenotype, we have defined the consequences of eIF4E knockdown on the radiosensitivity of tumor and normal cell lines. The data presented here indicate loss of eIF4E activity selectively enhances tumor cell radiosensitivity through an inhibition of DNA double-strand break (DSB) repair. In addition, radiation is shown to significantly increase the number of mRNAs bound to eIF4E.
Materials and Methods

Cell lines and treatments
MDA-MB-231 (breast adenocarcinoma), A549 (lung adenocarcinoma) DU145 (prostate adenocarcinoma), and MRC9 (normal lung fibroblasts) were obtained from American Type Culture Collection (ATCC) and maintained in Dulbecco's Modified Eagle's Medium (MDA-MB-231), RPMI (A549), or minimum essential medium (DU145 and MRC9) supplemented with 10% FBS (Invitrogen). A549, DU145, and MRC9 were obtained from ATCC in 2010 and MDA-MB-231 cells in 2011. ATCC employs short tandem repeat DNA fingerprinting, karyotyping, and cytochrome C oxidase to authenticate cell lines. Primary HMECs were obtained from GIBCO in 2010 and maintained in complete Mammary Epithelial Growth Medium (Lonza). All cells were cultured less than 6 months after resuscitation. Cell cultures were maintained in an atmosphere of 5% CO 2 /95% air at 37 C. Ribavirin (Sigma-Aldrich) was dissolved in dimethyl sulfoxide. Cell cultures were irradiated with 320 X-ray source (Precision XRay Inc.) at a dose rate of 2.3 Gy/min.
siRNA transfection
A pool of 4 siRNA duplexes (SMARTpool) targeted to eIF4E and a nontargeted siRNA pool (scramble) were purchased from Dharmacon Inc. Transfection with the respective siRNA pool was carried out with cell cultures at 60% to 70% confluency using Dharmafect 1 transfection reagent (Dharmacon) per manufacturer's protocol. All experiments were carried out 72 hours posttransfection.
Clonogenic survival assay
To evaluate radiosensitivity, cells were plated at clonal density in 6-well plates and irradiated 6 hours later. Ten to 14 days after seeding, plates were stained with 0.5% crystal violet, the number of colonies determined, and the surviving fractions were calculated. Radiation survival curves were generated after normalizing for the cytotoxicity induced by eIF4E knockdown or ribavirin treatment only. Data presented are the mean AE SE from at least 3 independent experiments.
Immunoblotting and antibodies
Cells were lysed in 50 mmol/L Tris-HCl (pH 7.5), 150 mmol/L NaCl, 2 mmol/L EDTA, 2 mmol/L EGTA, 25 mmol/L NaF, 25 mmol/L b-glycerophosphate, 0.2% Triton X-100, 0.3% NP-40, and 0.1 mmol/L sodium orthovanadate (for cytoplasmic proteins), or 50 mmol/L Tris-HCL (pH 8.0), 1% SDS, and 10 mmol/L EDTA (for nuclear proteins); supplemented with 1Â phosphatase inhibitor cocktails II and III (Sigma-Aldrich), and 1Â HALT protease inhibitor cocktail (Thermo Scientific) for 15 minutes on ice. Total protein was quantified with BCA protein assay (Thermo Scientific), separated by SDS-PAGE, transferred to polyvinylidene difluoride (Millipore), and probed with the indicated antibodies. Bands were visualized with Pierce ECL Western Blotting Substrate (Thermo Scientific). AntieIF4E, anti-CHK1, anti-4E-BP-1, antiphospho-eIF4E S209, antiphospho-4E-BP-1 T37/46, and antiphospho-4E-BP-1 S65 antibodies were purchased from Cell Signaling Technology. Anti-b-actin and anti-eIF4G antibodies were obtained from Sigma-Aldrich and BD Biosciences, respectively. Anti-Rad51 and anti-Rad17 antibodies were purchased from Santa Cruz Biotechnologies. Donkey anti-rabbit and sheep-anti-mouse Horseradish Peroxidase conjugated secondary antibodies were purchased from GE Healthcare.
Cell-cycle analysis Cell-cycle phase distribution was determined by flow cytometric analysis. Cells were trypsinized, fixed with 70% ethanol, stained with Guava Cell Cycle Reagent (Millipore), and analyzed with the Guava EasyCyte flow cytometer (Millipore).
Apoptotic cell death
Cells undergoing apoptosis were quantified according to Annexin V staining (Annexin V Apoptosis Detection Kit; BD Biosciences). Briefly, for each treatment condition, cells were resuspended in 1Â Annexin V Binding Buffer and incubated with Annexin V-Cy5 antibody in the dark at room temperature. Hoechst 33258 was added for live/dead discrimination and samples analyzed by flow cytometry (BD Biosciences LSRII flow cytometer).
Immunofluorescent analysis of gH2AX foci
To visualize foci, cells grown in chamber slides were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, and blocked with 1% bovine serum albumin in PBS containing 5% goat serum. The slides were incubated with antibody to phospho-H2AX (Millipore) followed by incubation with goat-anti-mouse-Alexa488 (Invitrogen) and mounted with Prolong gold antifade reagent containing DAPI (Invitrogen) to visualize nuclei. Cells were analyzed on a Zeiss upright fluorescent microscope.
Mitotic catastrophe
Cells, grown in chamber slides, were fixed with a 10% neutral-buffered formalin solution and incubated with antibody to a-tubulin (Sigma-Aldrich) followed by incubation with goat anti-mouse with Alexa-488 antibody and mounted with Prolong gold antifade reagent containing DAPI. Cells with nuclear fragmentation, defined as the presence of 2 or more distinct nuclear lobes within a single cell were classified as being in mitotic catastrophe.
Cap-binding assay eIF4F cap complex formation was measured with m 7 -GTP batch chromatography (15) . Briefly, cells were lysed in 20 mmol/L Tris-HCl (pH 7.
phosphatase inhibitor cocktails II and III (Sigma-Aldrich), and 1Â HALT protease inhibitor cocktail (Thermo Scientific) for 15 minutes on ice. Lysate (400 mg) was precleared for 1 hour at 4 C then incubated with m 7 -GTP Sepharose 4B beads (GE Healthcare) overnight at 4 C. Beads were washed 3 times with lysis buffer; bound protein was eluted, denatured, and then , and HMEC (E) cells were transfected with nontargeted siRNA (scramble) or siRNA specific for eIF4E (eIF4E KD). Seventy-two hours posttransfection, cells were plated, allowed to attach for 6 hours, and irradiated. Colony-forming efficiency was determined 10 to 14 days later, and survival curves were generated after normalizing for cell killing from siRNA alone. DEFs were calculated at a surviving fraction of 0.1. Values shown represent the mean AE SE for 3 to 4 independent experiments.
separated with SDS-PAGE followed by immunoblotting for eIF4G and eIF4E.
RIP-chip and microarray analysis
The RIP-Chip kit and anti-eIF4E antibody were obtained from MBL International; the procedure was carried out in biological triplicate according to manufacturer's protocol. Briefly, 10 7 cells were washed followed by lysis and isolation of the cytoplasmic fraction, which was then precleared with Protein-A sepharose beads at 4 C for 1 hour. The lysates were then split into equal parts; half was incubated with eIF4E-conjugated Protein-A sepharose beads and half was incubated with immunoglobulin G (IgG)-conjugated Protein-A sepharose beads (negative control). The RNA associated with each type of bead was then eluted and isolated.
The isolated RNA was amplified with GeneChip 3 0 IVT Express Kit (Affymetrix) and hybridized to GeneChip Human genome U133A 2.0 array chips (Affymetrix) per manufacturer's protocol. Using Affymetrix Expression Console, Mas5 normalization was carried out on all data sets. An expression cutoff of P 0.05 was implemented to filter all data. The negative control expression values (IgG) were subtracted from their respective sample counterparts on a probe set basis; the 3 replicates were then averaged. Probe sets that had fold increase of 1.5 or more (radiation to control) or went from an expression value less than or equal to 0 before radiation to positive expression value after radiation (not bound to bound) were then further analyzed by Ingenuity Pathway Analysis (IPA). The data have been deposited in National Center for Biotechnology Information's Gene Expression Omnibus (GEO; ref. 16 ) and are accessible through GEO Series accession number GSE36179.
Results
To determine whether eIF4E plays a role in determining radiosensitivity, 3 tumor lines (MDA-MB-231, breast carcinoma; DU145, prostate carcinoma; and A549, lung carcinoma) and 2 normal cell lines (HMEC mammary epithelial and MRC9 lung fibroblasts) were evaluated with the clonogenic survival assay. Each cell line was treated with siRNA specific to eIF4E or Mechanism of radiosensitization by eIF4E knockdown. In the following experiments, MDA-MB-231 cells were transfected with siRNA specific to eIF4E (eIF4E KD) or nontargeted siRNA (scramble). All experiments were carried out 72 hours posttransfection. A, cell-cycle phase distribution was determined. Values represent the mean of 3 independent experiments. B, cells were irradiated with 2 or 4 Gy and collected at the specified time; gH2AX foci were counted in at least 50 cells per condition. Values shown represent the means AE SE for 3 independent experiments; Ã , P < 0.04 according to the Student t test (eIF4E KD compared with scramble). C, cells were irradiated (2 Gy) and collected at the specified time points. Cells were classified as being in mitotic catastrophe by the presence of nuclear fragmentation, which was defined as a single cell containing 2 or more distinct nuclear lobes. At least 50 cells per condition were scored. Values represent the mean AE SE for 3 independent experiments. Ã , P < 0.04. nontargeted siRNA; 72 hours after transfection, cultures seeded at clonal density for survival analysis. As shown in Fig. 1A , siRNA to eIF4E reduced eIF4E protein levels significantly when compared with nontargeted siRNA. The effects of eIF4E knockdown alone on the survival of each cell line are shown in Fig. 1B . eIF4E knockdown significantly reduced clonogenic survival of all 3 tumor lines. As compared with the tumor cells, eIF4E knockdown induced significantly less cytotoxicity in the normal cell lines. These results are consistent with previous reports showing that tumor cells are more dependent on eIF4E for survival than normal cells (14, 17) . The effects of eIF4E knockdown on cellular radiosensitivity are shown in Fig. 2 . For this study, cells were treated as described above, trypsinized, and irradiated 6 hours after seeding. Treatment with siRNA to eIF4E resulted in an increase in the radiosensitivity of each of the 3 tumor cell lines as compared with nontargeted siRNA ( Fig. 2A-C) . The dose enhancement factors (DEF) at a surviving fraction of 0.1 for MDA-MB-231, DU145, and A549 were 1.34, 1.24, and 1.44, respectively. The same experiment was carried out on the 2 normal cell lines (Fig. 2D-E) . In contrast to the tumor cell lines, eIF4E knockdown had no effect on the radiosensitivity of the 2 normal cell lines. These results suggest that eIF4E contributes to survival after irradiation of tumor but not normal cells.
To investigate the mechanism responsible for the tumor cell radiosensitization induced by eIF4E knockdown, we focused on MDA-MB-231 cells. Given that eIF4E has been reported to influence translation of a number of proteins involved in cell-cycle regulation (18), a reduction in eIF4E levels could result in cell-cycle phase redistribution. Because such an effect can be a critical factor in determining radiosensitivity, flow cytometry was used to determine the cell-cycle distribution in MDA-MB-231 cells after eIF4E knockdown. As shown in Fig. 3A , the cell-cycle phase distribution pattern was not significantly altered at 72 hours after exposure to eIF4E siRNA as compared with nontargeted siRNA. These results indicated that redistribution of cells into a radiosensitive phase of the cell cycle does not account for eIF4E knockdown-mediated enhancement in radiation-induced cell killing. eIF4E knockdown has been shown to induce apoptosis in breast cancer cell lines (19) . To determine whether the increase in radiosensitivity resulting from eIF4E knockdown was due to an enhancement of radiation-induced apoptosis, we determined Annexin V staining at 24 and 48 hours after exposure to 6 Gy for cells exposed to siRNA to eIF4E and nontarget siRNA. As expected for a solid tumor cell line, radiation alone did not induce a significant apoptotic response, and this response was not significantly enhanced with eIF4E knockdown (data not shown). These results indicate that apoptosis is not the mechanism of cell death following radiation in eIF4E-deficient cells.
The critical lesion responsible for radiation-induced cell death is the DNA DSB. Because gH2AX foci correspond to radiation-induced DSBs and their dispersal correlates with DSB repair (20, 21) , the effects of eIF4E knockdown on radiation-induced gH2AX were evaluated in MDA-MB-231 cells (Fig. 3B) . At 1 hour after exposure to 2 Gy, no difference in foci levels was detected between control cells (nontargeted siRNA) and cells in which eIF4E was knocked down, suggesting that eIF4E levels have no effect on the initial level of radiation-induced DSBs. However, at 6 and 24 hours after irradiation (2 Gy), the number of gH2AX foci remaining in the eIF4E knockdown cells was significantly greater than in control cells. In addition, a significant level of gH2AX foci retention was observed in eIF4E-deficient cells 24 hours after 4 Gy when compared with nontargeted siRNA-treated cells. These data suggest that eIF4E knockdown results in an inhibition of radiation-induced DNA DSB repair.
Given the apparent inhibition of DSB repair and no increase in radiation-induced apoptosis after eIF4E knockdown, we hypothesized that the mechanism of cell death involved an increase in radiation-induced mitotic catastrophe. Cells with nuclear fragmentation, defined as the presence of 2 or more distinct nuclear lobes within a single cell, were classified as being in mitotic catastrophe. As shown in Fig. 3C, eIF4E A B Figure 4 . The effect of radiation on eIF4E activation. A, MDA-MB-231 cells were irradiated (2 Gy) and collected at the specified times and subjected to immunoblot analysis. Actin was used as a loading control. B, m 7 -GTP affinity chromatography was carried out on MDA-MB-231 cells that were irradiated and collected 1 hour after 2 Gy and compared with unirradiated counterparts. m 7 -GTP bound and unbound proteins (flow through) were resolved via SDS-PAGE followed by immunoblot analysis. eIF4E was used as a loading control. Blots are representative of 2 independent experiments. knockdown resulted in a significant increase in the percentage of cells undergoing mitotic catastrophe at 48 and 72 hours after exposure to 2 Gy. These results suggest the increase in radiosensitivity following eIF4E knockdown involves the inhibition of DSB repair after radiation, which then contributes to an increase in the number of cells undergoing mitotic catastrophe.
A critical regulator of eIF4E is 4E-BP1, which binds to eIF4E preventing its interaction with eIF4G and subsequently eIF4F complex formation (22) . Phosphorylation of 4E-BP1 releases eIF4E resulting in eIF4F formation and cap-dependent translation (23); it has been reported that exposure of normal human cell lines to 8 Gy induces 4E-BP1 phosphorylation (24) . However, exposure of MDA-MB-231 cells to 2 Gy under conditions used for clonogenic survival analysis (Figs.  1 and 2 ) did not increase 4E-BP phosphorylation (Fig. 4A) . Posttranslational activation of eIF4E via phosphorylation at S209 has also been shown to influence eIF4E activity (25) ; radiation had no effect on eIF4E phosphorylation (Fig. 4A) . m 7 -GTP batch chromatography is a standard approach for assessing eIF4F cap-complex formation (15, 24) . Consistent with the lack of effect on 4E-BP1 and eIF4E phosphorylation, radiation had no effect on cap-complex formation, as evidenced by the lack of a change in bound eIF4G levels (Fig.  4B) . These results suggest that radiation does not increase the overall activity of eIF4E or cap-dependent translation initiation in general.
As noted in the Introduction, eIF4E selectively stimulates the translation initiation of certain mRNA subpopulations. To further investigate the role of eIF4E in cellular radioresponse, we determined whether radiation influences the mRNAs bound to eIF4E using RIP-Chip analysis (RNA-Binding protein immunoprecipitation followed by microarray analysis of the bound mRNAs). In this experiment, MDA-MB-231 cells were irradiated (2 Gy), 6 hours later cytoplasmic lysates were collected and eIF4E was immunoprecipitated. RNA was then eluted from the immunoprecipitated eIF4E and subjected to microarray analysis, which was compared with the same process carried out on unirradiated cells. In this analysis, irradiation was found to increase the eIF4E binding of 1124 unique transcripts (either fold increase ! 1.5 or not bound to bound as described in Materials in Methods). The full list of genes is shown in Supplementary Table S1. These transcripts were then subjected to IPA, which distributes genes into networks defined by known interactions and then matches these networks with specific biologically significant pathways. The top 10 biological functions associated with the eIF4E bound mRNAs are shown in Fig. 5A , left. The specific functions of the genes contained within the DNA replication, recombination, and repair category are further delineated (Fig. 5A, right) and shown to encompass many aspects of the DNA damage response, including DSB repair and checkpoint control. To illustrate the interactions between the mRNA whose binding to eIF4E was affected by radiation, the top 10 networks and their associated functions are shown in Table 1 . Whereas there are numerous functions associated with these networks, of particular interest with respect to radiosensitivity is network 4 (Fig. 5B) , which includes genes associated with DNA replication, recombination, and repair. Notably, this network contains several hub proteins: Rad17, Rad51, and CHEK1 each of which influences several other proteins. Network 6, which involves genes participating in RNA posttranscriptional processing is shown in Fig.  5C ; it also includes several hub proteins (e.g., ELAVL1, snRNP, and PRPF4). This network illustrates eIF4E's capacity to modulate the posttranscriptional regulation of gene expression both directly, as an RNA-binding protein, and indirectly through its influence on other proteins involved in posttranscriptional mRNA processing. The data presented in Fig. 5 indicate that genes targeted by eIF4E after irradiation are not a random collection, but instead are functionally related mRNA subsets. Given eIF4E's role in cap-dependent translation, an increase in the binding of a given mRNA to eIF4E would be expected to result in an increase in its corresponding protein product. Thus, to investigate the functional significance of the RIP-Chip analysis, we determined the effects of radiation on the levels of 3 of the hub proteins from network 4 (CHK1, Rad17, and Rad51), proteins with established roles in the DNA damage response (26) (27) (28) . MDA-MB-231 cells were irradiated (6 Gy) and collected for protein analysis at times out to 24 hours. As shown in Fig. 5D , the levels of CHK1, Rad17, and Rad51 were increased after irradiation, consistent with a correlation between the mRNAs whose binding to eIF4E was increased after irradiation and the increase in their corresponding protein.
Because the data presented above suggest that eIF4E may serve as a target for radiosensitization, we determined the effects of ribavirin on the radiosensitivity of MDA-MD-231 cells. Whereas initially described as an antiviral therapy, recent laboratory studies have shown that ribavirin inhibits eIF4E activity (17, 29) providing a basis for clinical trials as an antineoplastic treatment. To test whether pharmacologic inhibition of eIF4E results in similar radiosensitization to eIF4E knockdown, MDA-MB-231 cells were plated for clonogenic survival analysis, treated with 50 mmol/L ribavirin, a concentration that inhibits eIF4E activity in breast cancer cells (12) , for 1 hour and irradiated. Ribavirin treatment alone reduced the surviving fraction to 0.30 AE 0.07, similar to that induced by eIF4E knockdown. As shown in Fig. 6 this ribavirin treatment protocol enhanced the radiosensitivity of MDA-MB-231 cells with a DEF of 1.35. These results suggest that targeting eIF4E may be a valid strategy for radiosensitization.
Discussion
On the basis of gH2AX data, the mechanism through which eIF4E influences tumor cell radiosensitivity seems to involve DNA DSB repair. It is unlikely that this translation initiation factor directly participates in the DSB repair process suggesting that the mechanism involves an aspect of the posttranscriptional regulation of gene expression. We have previously shown that radiation affects the translation of certain subsets of mRNAs through recruitment of existing mRNAs to and away from polysomes (1, 2 Figure 5 . Rip chip analysis of the effects of radiation on eIF4E mRNA clients. MDA-MB-231 cells were irradiated (2 Gy) and collected 6 hours later. eIF4E was immunoprecipitated, RNA bound to eIF4E was isolated and subjected to microarray analysis and mRNAs whose binding to eIF4E after irradiation were classified using IPA. A, left, top 10 biological functions (containing 100 or more genes) of the mRNAs whose binding to eIF4E was increased by radiation; r ight, the biological functions of the mRNAs (with more than 10 genes) within the DNA replication, recombination, and repair category are further delineated. B, network 4 is shown with dark red indicating not bound and lighter red indicating fold increase of 1.5 or more.
RIP-Chip results presented here showing that radiation enhances the binding of eIF4E to specific mRNA subpopulations is consistent with the radiation-induced translational control of gene expression. Moreover, a major subset of the mRNAs in which eIF4E binding was increased by radiation corresponded to those coding for proteins involved in DNA replication, recombination and repair and cell cycle, which could then play a role in determining radiosensitivity. A role for radiation-induced gene translation in the cell survival response is suggested by the recent work by Singh and colleagues showing that DNA DSBs are generated not only from the initial radiation deposition, but also from chemical processing occurring for hours after exposure to radiation (30) . In this situation, a requirement for the rapid increase in DNA repair proteins may contribute to the recovery process. However, based on the experiments using siRNA to knockdown eIF4E (Fig. 2) , it is not possible to determine whether the tumor cell radiosensitization was the result of eliminating the radiation-induced enhancement in gene translation and/or changes in mRNA translation that are induced before irradiation. Along these lines, the eIF4E inhibitor ribavirin enhanced MDA-MD-231 cells radiosensitivity when given 1 hour before irradiation (Fig. 6) . Clearly, the mechanisms through which the reduction of eIF4E levels affect radiation-induced tumor cell killing require additional investigation. Whereas knockdown of eIF4E levels induced radiosensitization of tumor cells, the same procedure had no effect on the radiosensitivity of normal cell lines. This tumor selectivity may involve the increased dependence of tumor cells on eIF4E activity. For both ribavirin and an antisense oligonucleotide (ASO) to eIF4E, tumor cells are more sensitive in terms of cytoxicity than normal cells (12, 14) . Consistent with these previous findings knockdown of eIF4E in this study reduced survival of the tumor cell lines to a greater degree than on the normal cells. eIF4E serves as a funnel point (31) for a number of oncogenic pathways reflecting the consequences of activation of RTKs along with Ras and PI3K pathways (5, 32, 33) . The elevated eIF4E availability under these circumstances then putatively enhances the translation selectively and disproportionally of genes mediating cell proliferation and survival and other processes contributing to the neoplastic phenotype (34) . It would seem that many of the eIF4E-dependent genes whose translation is increased in tumor cells may also contribute to the ability of the cell to survive after a variety of insults including radiation.
Whereas the mechanisms remain to be completely defined, in the study described here knockdown of eIF4E was shown to enhance the radiosensitivty of 3 human tumor lines while having no effect on the radiosensitivity of 2 normal cell lines. These data suggest that eIF4E provides a tumor selective target for radiosensitization. Because laboratory data already indicated that eIF4E contributes to the neoplastic phenotype, strategies for targeting eIF4E are being investigated at the preclinical and clinical setting. One approach is the use of an ATP-active site inhibitor of mTOR. In contrast to allosteric mTOR inhibitors, that is, rapalogs, the active site inhibitors completely inhibit mTORC1 function, preventing the phosphorylation of the mTOR substrate 4E-BP1, which prevents release of eIF4E and limits its availability for eIF4F formation (35) . An additional approach has been the development of small-molecule inhibitors of the eIF4E-eIF4G interaction, which prevent complete formation of the eIF4F cap complex (36) . Inhibiting eIF4E expression with an eIF4E ASO has been shown to reduce eIF4E levels and to inhibit tumor cell growth in preclinical models (14) . Finally, there has been considerable preclinical data evaluating ribavirin as an eIF4E activity inhibitor (17, 29) . The mTOR active site inhibitors, ribavirin, and the eIF4E ASO are currently in clinical trials both as single agents (34, 37, 38) , as well as in combination with chemotherapy (39) . The data presented in this study showing that reduced 
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